We study the Brownian dynamics of flexible and semiflexible polymer chains densely grafted on a flat substrate, upon rapid quenching of the system when the quality of solvent becomes poor and chains attempt collapse into a globular state. The collapse process of such a polymer brush differs from individual chains, both in its kinetics and its structural morphology. We find that the resulting collapsed brush does not form a homogeneous dense layer, in spite of all chain monomers equally attracting each other via a model Lennard-Jones potential. Instead, a very distinct inhomogeneous density distribution in the plane forms, with a characteristic length scale dependent on the quenching depth (or equivalently, the strength of monomer attraction) and the geometric parameters of the brush. This structure is identical to the spinodaldecomposition structure, however, due to the grafting constraint we find no subsequent coarsening: the established random bundling with characteristic periodicity remains as the apparently equilibrium structure. We compare this finding with a recent field-theoretical model of bundling in a semiflexible polymer brush.
Introduction
The theoretical problem of polymer chain collapse in poor solvents has received much attention over the past decades, both from analytic [1] [2] [3] [4] [5] and numerical approaches. 6, 7 This generic collapse, often called the "coil-globule transition", is well-understood as a local version of the polymer demixing Flory has originally formulated for polymer solutions. 8 The coil-globule transition is closely associated with the initial stages of protein folding. 9 Collapse takes place as a result of effective pair interaction between chain monomers becoming attractive, e.g. due to changing solvent quality. Recent studies of the collapse dynamics have shown that it is a non-trivial kinetic process, with competing interactions leading to inhomogeneous intermediate structures forming
and persisting on the way to the final globular state. [10] [11] [12] In this work, we look at the collective behaviour of several chains in a confined configuration known as "polymer brush". By definition, a polymer brush is a layer of polymers attached with one end to a surface at a sufficiently high grafting density (i.e. a sufficiently close distance between individual polymer chains). In practice, the attachment can take place via a covalent bond, a specific ligand, physical adsorption or self-assembly. In our simulations, the chains have their first monomer fixed on a flat surface, resulting in a constant grafting density throughout the simulation.
Chains themselves can vary in length, composition and individual properties, from very primitive ideal chains to complex models incorporating block copolymers, electric charge and hydrodynamics. The subclass of charged (polyelectrolyte) brushes is even more interesting in biological context. There are numerous examples of polymer brushes in biological systems such as protein micelles, planar brushes of polysaccharides, cylindrical polymer brushes in microtubules and neurofilaments. In terms of useful physical, chemical and biomedical applications, brushes can be used to stabilise colloids, lubricate surfaces, deliver drugs by biodegradable micelles, in DNA microarrays for diagnostic analysis of mutations and to reduce friction in artificial joints, to name but a few. 13 Here we present a simple, planar brush of self-avoiding bead-and-spring polymer chains without additional electrostatic interactions or hydrodynamics, which makes the analysis tractable and comparable with well-established theories -but we also examine the case of chains with a long persistence length as a crude attempt to account for polyelectrolyte stiffening. The simple picture of polymer brushes may serve as the basis for models in diverse interfacial systems in biophysics and polymer science, such as polymeric surfactants, stabilised suspensions of colloid particles, and many structures formed by block copolymers.
The recent theory of Benetatos et al. 14 considered stiff and semiflexible chains in a brush configuration, and predicted a bundling instability when an attractive interaction between monomers exceeds a critical value. In their work, Benetatos et al. established that there is a competition between permanent grafting favouring a homogeneous state of the polymer brush and the nonlocalised attraction, which tends to induce in-plane collapse of the aligned polymers, giving rise to an instability of the homogeneous phase to a bundled state. In the bundled state, the density in the plane is modulated by a length scale that depends on the strength of the attractive interaction.
In this work we carry out coarse-grained Brownian dynamics simulations of a collection of chains uniformly grafted to a flat repulsive surface, to find their equilibrium swollen conformation and then follow their behavior after instant quenching. We use the parameters setup of Rosa and Everaers 15 within the Large Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package. 16 The initial structure of the polymer chains was configured to be linear, and the first step was to equilibrate the linear brush into a constricted coil structure in good solvent. Due to the high density of grafting, in a good solvent their individual conformation is quite stretched out, and we find a good agreement with classical results on the parabolic density profile. 17 After equilibration, the solvent conditions were instantly switched to poor solvent, resulting in chains collapsed onto their flat substrate surface. Here we find an unexpected effect of spinodal decomposition in the plane of collapsing brush, and study it quantitatively through density profile-, potential energyand characteristic length-scale measurements, as well as the kinetics of collapse. In all cases, we compared the behaviour of flexible and semiflexible polymer brushes upon collapse over time.
Brownian dynamics simulations allowed us to follow the density evolution of brushes over time, as it evolves from the equilibrium parabolic profile in the swollen brush to the densely packed layer on the surface. The characteristic length scale of bundled regions in the collapsed brush appear to agree with the theoretical prediction of the square root dependence of this length scale on the attractive potential well depth. 14 
Simulation of polymer brush
The model used for numerical simulations in this work is based on the bead-spring model described in the molecular dynamics context by Kremer and Grest 18 and Plimpton. 19 We take an individual polymer chain composed of connected monomeric units consisting of N = 30 monomers, and 900 of these chains formed a brush on a 30x30 square lattice as shown in fig. 1 . Model parameters are similar to the ones described by Lappala et al. 12 : each monomer has a diameter of σ in reduced units, which is chosen to be 0.3 nm in real units (a typical size of an amino acid residue in proteins), κ and R 0 of the FENE potential were set so as to avoid any bond crossing. For our simulations, the values were used as in ref. 18 : the maximum bond length R 0 = 1.5σ and the spring constant κ = 30ε/σ 2 . The spring constant was specifically studied by Kremer and Grest 18 and was found to be strong enough such that the maximum extension of the bond was always less than 1.2σ for k B T = 1.0ε, making the covalent bond breaking energetically unfeasible. The important ratio measuring the local bending modulus of the chain, K θ /k B T (the chain persistence length
was set to l p = σ (or Kuhn's length of 0.6 nm) for a case of flexible chains, and to l p = 8σ for a semiflexible brush with the Kuhn's length of 4.8 nm. Integration time step was chosen to be ∆t int = 0.01τ where τ is the reduced (Lennard-Jones) time, defined as τ = σ (m/ε) 0.5 (that is, determined by the ratio of particle mass and the depth of the Lennard-Jones (LJ) potential, ε) as discussed in refs. 15, 18 Taking the value of σ above, ε = k B T , and the typical mass of an aminoacid residue (molecular weight ≈ 100), we obtain the estimate of τ ≈ 1.96ps. Hence, with 10 7 timesteps of this coarse-grained simulation we are able to follow the dynamics of a polymer brushes for 196 nanoseconds. Interactions between monomers are described by the standard potentials: FENE for connected pairs of particles, bending elasticity K θ (1 − cos θ ) with θ the angle formed between two consecutive bonds, and the LJ potential representing a longer-range interaction between any two particles. In good solvent the LJ potential was set to zero at r cut-off = 2 1/6 σ , retaining only the soft repulsion between monomers. In order to simulate poor solvent conditions when there is an effective attraction between monomers, the cut-off value was set to r cut-off = 3σ , while retaining the depth of ε.
The initial parameters of the set up play an important role in the physics of the simulated brush collapse, and therefore the parameters used to build a brush had to be chosen carefully.
Considering a box in the Cartesian frame, the brush was created using a 30 × 30 square plane lattice at z = 0, with lattice spacing of 3σ . The length of the brush has a direct impact on the grafting density, and hence the optimal length of the brush was defined to be N = 30 -if the chains were longer, the 900 chains would make the simulation much heavier and acquisition of the required statistics more difficult. The lattice spacing (or grafting density) of 3σ had to be chosen such that it results in ample interactions between chains in good solvent -if this number was higher, the chains would simply behave as individual coils, also described as "mushrooms" 17 with few inter-chain interactions. The grafting density was chosen on the basis of the cut-off radius used for the attractive potential, and also based on the volume of a collapsed globule, which for an N = 30 chain should be 30 · (4/3)π · (σ ) 3 giving a linear distance of ∼ 5σ , so we are assured of the overlap in the collapsed brush.
The first atom of each chain was bound to the z = 0 plane which was given a repulsive Lennard-Jones potential to keep the chains restricted to the positive z direction. In order to confirm that the N = 30 chains of a polymer brush were initially equilibrated in a good solvent, we simulated a single grafted chain of 1001 atoms, relaxing from an initial straight configuration to a random selfavoiding coil. This equilibrium state was confirmed visually and by density measurements for the standard random coil. It is important that commonly used measurements of potential energy relaxation as a function of time are not suitable for judging equilibration, because the potential energy of a chain quickly reaches a very stable plateau for a 'crumbled' extended chain conformation, which then takes a very long time to equilibrate into a proper self-avoiding coil. After the equilibrium of a long chain was confirmed after 10 million timesteps, we used this time for a polymer brush with much shorter chains on a planar surface to assure ourselves that it was properly equilibrated.
Once an equilibrium of grafted chains was achieved, an attractive LJ potential between all particles (poor solvent conditions) was switched on and the coil collapsed into a globule. Among other parameters, we monitored the collapse by the average areal density. Density of the brush ρ(z) can be described from the condition that an integral ∞ 0 ρ(z) dz is equal to the total number of particles, which in our simulations is 900 × 30 = 27000. We calculated the density along the z-direction, at each time step. The entire box was divided into parallel bins (in xy-plane) of unit thickness along the z-direction. The total number of particles in each bin forms a one-dimensional array ρ(z), which we present as the non-normalised density. This gives a constant density profile at ρ(z) = 900 for z ≤ 30 for the initial straight configuration of chains. For averaging of equilibrium structures, each z-bin was averaged over 5 brush configurations separated by 500,000 ts. According to the classical theory of expanded brush, 17 in a good solvent the density ρ(z) will have a parabolic profile, which we accurately record in our simulations (see fig. 5 below) . In the dynamic process of collapse we has to present an instantaneous ρ(z) without time-averaging, resulting in a certain noise in corresponding profiles.
Collapse of polymer brush
In order to simulate the collapse of a polymer brush, the initial linear chains have to be fully equilibrated in conditions that imitate good solvent, which will result in a realistic simulation of collapse -if the chains are not equilibrated in such a way, the collapse will happen by rolling of straight segments into a globular structure, which is not a realistic response. After equilibration, the solvent conditions are rapidly changed to poor -a process known as quenching -allowing the coils to collapse in an entangled, irregular manner. This more realistic collapse results in an unexpected highly inhomogeneous structure in the plane, fully resembling spinodal decomposition morphology. These structures were highly stable at equilibrium and their structural properties, such as the characteristic length scale of the formed collapsed structures, were dependent on the strength (the well-depth ε) of the attractive potential. We followed the same principle as with verifying equilibration in an extended brush in good solvent. We first recorded the potential energy relaxation of the system until it reached an apparent plateau -and then waited for another 26 million timesteps for further equilibration (it was only 10 Mts needed for the N = 1000 chain to equilibrate into a coil). In contrast to the annealed case of polymer coils, here we have no structural criteria to verify equilibration; in fact, one might argue that in the dense collapsed mesh of mutually attracting chains the full equilibrium is unattainable on any reasonable time scales; although the system is not a glass, the internal mobility must be very low). However, we were certain that neither the morphological features of spinodal decomposition patterns, nor the average density profiles have not changed between ∼ 50 kts and 26 Mts. Hence we declare these states equilibrium with our accuracy.
As the polymer brush collapses, we see the initially homogeneous distribution of monomers in the xy-plane breaking down and a phenomenon that appears indistinguishable from the classical spinodal decomposition taking place. This clustering of polymer chains depends on the strength of the attractive potential between individual chains of the brush, characterised by a ratio ε = ε/k B T .
In flexible chains, we found distinctive coarsening and large clusters at small potential well depths, and increasingly smaller-sized clusters of polymers as the potential well depth increases, as shown Figure 4 shows the 'early time' relaxation of the potential energy of each brush after the instantaneous quench at t = 0. The potential energy experiences a sudden drop at short times, when large gains could be made by all attracting particles coming closer together; the amplitude of this drop is obviously proportional to the depth of the attractive LJ potential well. After the system becomes compact (the density plots after t ≈ 10 kts do not have much of the further variation, fig. 5 below), the approach to equilibrium becomes very slow. This is due to structural changes in chain configurations in the dense state. All structures were equilibrated for 26 million time steps and for the most of this long time the total potential energy of the 900 chains in our brushes did not vary at all. and the effective potential acting on the chains is U(z) = −wρ(z), with w the excluded volume parameter and h the brush height. This also confirms that our initial brush is equilibrated. In contrast, the brush of semiflexible chains in fig. 5 (b) is much more extended and its density does not fit a parabolic function in any approximation.
The second fact one can notice from the density ρ(z) evolution on brush collapse is the fact that there is no further change in density past a time t ∼ 50 kts (compared with the t = 26 Mts in the plots). This corresponds to a completed relaxation of the potential energy of the brush, cf. fig. 4 -one has to assume that the further re-arrangements of the microstructure in the dense system are mainly entropy-driven.
It is evident from both the potential energy relaxation, as well as the density profile evolution, that the time that it takes for a chain to collapse is a function of the attractive potential strength. 
Discussion
There is one example in the literature, where a competition between the attractive forces between all chain segments and the constraint of remaining uniformly grafted on a flat surface has been studied theoretically. 14 The direct analogy with our simulation work is difficult to establish, because the authors there have only consider the so-called directed polymers -the chains never allowed to fold back upon themselves by either the constraint of a fixed height of the brush (the second plane fixing the ends of the chains as well), or by having a very high persistence length. Both of these limits have only marginal correspondence to our system, which is collapsing into a highly folded dense melt (our semiflexible chain case might be the closest to what has been studied in. 14 Nevertheless, the fundamental physics of a spatial instability developing in the xy-plane in order to resolve the mentioned competition has to be the same in both works, which is why we reflect on this comparison.
In essence, the final answer of that theoretical study 14 is a prediction that an initially homogeneous areal density ρ(x, y) will develop an instability when the following condition is first met (written in an approximate form, in the limit of the range of the effective attractive LJ interaction less than L 3 /l p , following 14 ): ε σ a 2 ≥ q 4 q 2 − 3 + 4e −q 2 /2 − e −q 2 ,
where a is the separation of the grafting points in the plane (i.e. 1/a 2 is the grafting density), and the non-dimensional parameter q = k L 3 /l p is proportional to the Fourier wave vector of the polymer density in the xy-plane. The minimum of the universal function in the left-hand side of (??) is at q 0 ≈ 2, which means the spinodal-decomposition instability will first occur with a length scale ξ 0 ∼ 1/k 0 ≈ L 3 /l p when the strength of attraction potential ε exceeds a critical value ∼ 10a 2 /σ .
As mentioned earlier, we cannot hope to achieve quantitative agreement with this theory: in our systems the chains can fold into a densely packed state where the approximations made to carry out their calculations fail. Besides, we only examine the final state of the arrested spinodal decomposition -not the initial point of instability. Nevertheless, we do see that the characteristic length scale of the inhomogeneous structure ξ is smaller in a system with a larger persistence length ( fig. 3) , and the dependence on the quenching depth is also in full correspondence with the physics of spinodal decomposition away from the critical point. We feel that these physical ideas and considerations should initiate a more focused theoretical and simulation effort to establish the laws and the morphology of polymer brushes collapsed in poor solvent -now that we know their density in the plane can be highly non-uniform. We also believe that this analysis can be used to finely tune polymer brushes for experimental purposes to regulate the surface properties of materials. Our results can facilitate the physical understanding of polymer brushes in experimental applications such as directed drug-delivery systems, biosensors and polymer brush modified membranes for protein analysis.
